Introduction
============

In the last several years, the importance of propofol as a short-acting anaesthetic agent has begun to be recognized in animal models ([@b1-mmr-20-02-1837],[@b2-mmr-20-02-1837]). Propofol affects GABA~A~ transmission and decreases glutamate transmission ([@b3-mmr-20-02-1837]). These findings have raised questions about how extensively propofol is used and what other irreversible effects it exerts on the central nervous system ([@b4-mmr-20-02-1837]--[@b6-mmr-20-02-1837]). Exposure to a subanaesthetic dose of propofol was demonstrated to alter long non-coding RNA profiles in the immature mouse hippocampus ([@b7-mmr-20-02-1837]) and cause disorders in hippocampal circuits resulting in several diseases, including Alzheimer\'s disease and Parkinson\'s disease ([@b8-mmr-20-02-1837]), while exposure to a high propofol dose inhibited long-term potentiation in the CA1 area of the adult hippocampus. A 100 mg/kg dose of propofol induces the expression of apoptotic proteins, including B-cell lymphoma 2-associated X and caspase-3, in Sprague-Dawley pups (postnatal day 7), followed by adverse effects, such as learning and memory impairment ([@b9-mmr-20-02-1837]--[@b12-mmr-20-02-1837]). Therefore, it is hypothesized that neonatal rats have increased sensitivity and are more vulnerable to a 100 mg/kg dose of propofol than adult rats.

Hypoxic preconditioning (HPC) is the exposure of an organ to a moderate hypoxic stimulus prior to injury ([@b13-mmr-20-02-1837]). Calcium overload ([@b14-mmr-20-02-1837]) and overproduction of reactive oxygen species ([@b15-mmr-20-02-1837]) have been identified by the detection of electrical simulation and neuronal depolarization during cellular processes in the rat hippocampus.

HPC has long been recognized to induce neuroprotection and neuroplasticity in bone marrow stromal cells ([@b16-mmr-20-02-1837],[@b17-mmr-20-02-1837]); however, the anti-apoptotic signals that mediate these processes remain unclear. To address this issue, immature male Sprague-Dawley rats were exposed to HPC and propofol, either alone or in the relevant combinations. It was hypothesized that HPC increases the concentration of cyclic adenosine monophosphate (cAMP) via direct phosphorylation of effector proteins and regulation of transcriptional activators or the corresponding gene transcription. cAMP response element-binding protein (CREB) is required for neuronal growth within hippocampal tissues. The role of the cAMP/CREB signalling pathway in intrinsic apoptosis is illustrated in [Fig. 1](#f1-mmr-20-02-1837){ref-type="fig"}.

Materials and methods
=====================

### Rat HPC model

All animal procedures were conducted with the approval of the Animal Care and Use Committee of Guangxi Medical University (Nanning, China). Seven-day-old (P7) male Sprague-Dawley pups (average body weight, 10--15 g, n=70) were identified and numbered using picric acid, which were revealed to the investigator only after the completion of experiments and analyses. All pups were housed in a temperature-controlled room (22±1°C) with a 12-h light/dark schedule. H89 (Selleck Chemicals) and Sp-cAMP (Sigma-Aldrich; Merck KGaA) were prepared in 5 µl double-distilled water. The experimental set-up is illustrated in [Fig. 2](#f2-mmr-20-02-1837){ref-type="fig"} (n=10) and the following experimental groupings were used: i) Normal saline group (NS group) received intraperitoneal injections of an equal volume of normal saline; ii) propofol group (P group) received intraperitoneal injections of 100 mg/kg propofol; iii) following the propofol treatment as in the P group, the propofol + Sp-cAMP group (P+Sp-cAMP group) received intracerebroventricular injections of 20 nmol/5 µl Sp-cAMP (a cAMP-dependent protein kinase agonist); iv) HPC+P group rats were placed in a chamber containing 8% oxygen and 92% nitrogen for 10 min, and the pups were subsequently exposed to room air for a further 10 min, and following five HPC cycles, the rats received an intraperitoneal injection of 100 mg/kg propofol; v) HPC+P +H89 group was exposed to 5 µmol/5 µl H89 \[a protein kinase A (PKA) inhibitor\] by intracerebroventricular injections, followed by the same protocol as in the HPC+P group; vi) the remaining pups in the two blank test groups received intracerebroventricular injections of dimethyl sulfoxide (D-ICV group) or normal saline (NS-ICV group). All pups were sacrificed according to standard protocols (100 mg/kg intraperitoneal sodium pentobarbital). Brain tissue slices were prepared for immunohistochemistry and the levels of PKA, CREB, phosopho (p)-CREB, B-cell lymphoma 2 (Bcl-2), Bcl-2-associated X protein (Bax) and caspase-3 were evaluated by western blotting. Morphological and structural changes were evaluated by haematoxylin and eosin (H&E) staining and transmission electron microscopy.

### Intraventricular injections

As aforementioned, rats were anesthetized with sodium pentobarbital and centralized coordinates of anterior fontanel (x=0, y=0, z=0) using stereotaxic apparatus (Ryward Life Technology Co., Ltd.), the sterile cannula was implanted at AP-2 mm (front and posterior), MLR-1.5 mm (left and right of the midline), and H-2 mm (depth from the left ventricle, x=−1.0 mm, y=2 mm, z=0). After positioning, the skull was drilled, and then Sp-cAMP (5 µl) or H89 (5 µl) was slowly injected at rate of 0.1 µl/min. The blank groups following the same protocol with an equal volume of DMSO or normal saline.

### ELISA

The intracellular concentrations of adenylyl cyclase in the pups was determined by ELISA according to the instructions of the assay manufacturer (cat. no. S0026; Beyotime Institute of Biotechnology).

### Western blot analysis

All pups were sacrificed to harvest the brain tissue. The protein was extracted by RIPA Lysis Buffer (Beijing Solarbio Science & Technology Co., Ltd.) and protein concentration measured using a bicinchoninic acid protein assay (Biotype Biotech Co.). The mass of protein loaded per lane was 20 µl. Equal amounts of proteins were loaded onto 12% SDS-polyacrylamide gels. Electrophoresed proteins were transferred to polyvinylidene difluoride membranes (0.22-µm pore size; EMD Millipore). The membranes were blocked using 5% bovine serum albumin (blocking buffer) for 2 h at room temperature and incubated with the following primary antibodies overnight at 4°C: β-tubulin (1:2,000; cat. no. 48885), caspase-3 (1:1,000; cat. no. 48658) and cleaved caspase-3 (1:1,000; cat. no. 29034; all from Signalway Antibody) Bcl-2 (1:1,000; cat no. ab196495; Abcam), Bax (cat. no. 27727) PKA (cat. no. 5842S), CREB (cat. no. 9197S) and p-CREB (cat. no. 9198S) (all 1:1,000; from Cell Signaling Technology, Inc.), and GAPDH (1:10,000; cat. no. 10494-1-AP; Proteintech, Inc.). The membranes were washed three times with Tris-buffered saline 1% Tween-20 (TBST; pH 7.4) and then incubated in horseradish peroxidase-conjugated secondary antibody (1:10,000; cat. no. 134658; LI-COR Biosciences) for 2 h at room temperature (23--25°C) and washed three times with TBST. The bands were developed using an Odyssey infrared imaging system (LI-COR Biosciences) and evaluated using densitometric analysis (ImageJ 1.52 h, National Institutes of Health).

### H&E and immunohistochemical staining

Morphological and structural changes were observed by H&E staining. Tissues were fixed in 4% ice-cold paraformaldehyde at 4°C for 2 h and paraffin-embedded sections were obtained. The paraffin sections were dewaxed in xylene for 15 min and rehydrated using graded ethanol. The sections were immersed in haematoxylin for 30 sec and then subjected to antigen retrieval using 0.01 mol/l sodium citrate and incubated with 10% normal goat serum at room temperature for 30 min to block nonspecific binding, followed by incubation with the primary antibodies against PKA C and p-CREB (cat. nos. 5842S and 9198S, 1:1,000; Cell Signaling Technology, Inc.) at 4°C overnight. The sections were incubated with streptavidin-horseradish peroxidase at room temperature for 30 min and then stained with 0.05% 3,3-diaminobenzidine substrate, followed by counterstaining with 1% haematoxylin at 37°C for 30 sec. The sections were observed using a microscope (Olympus BX53; Olympus Corporation) and four fields of the hippocampus were randomly selected in every section which represented the areas of interest and the positive cells were counted using Image-Pro Plus version 6.0 software (Media Cybernetics Inc.).

### Electron microscopy

The ultrastructures of neurocytes were observed by transmission electron microscopy (HITACHI H-7650; Hitachi, Ltd.). Briefly, 2.5% glutaraldehyde solution was perfused into the rats, and the tissues were fixed in 1% OsO~4~ at 4°C for 1 h, dehydrated in increasing concentrations of ethanol and embedded in Epon. Then, the samples were sectioned into semi-thin slices (1 µm) and stained with 1% uranyl acetate and 5% uranyl acetate at 37°C for 20 min. The ultrastructures of the entire mitochondria were measured by manually measuring length using Image Pro Plus (version 6.0.0.260, Media Cybernetics, Inc.).

### Statistical analysis

Data are presented as the mean ± standard error, and were analysed using SPSS version 17.0 (SPSS, Inc.) and GraphPad Prism 5 software (GraphPad Software Inc.). Multiple comparisons were performed using one-way analysis of variance (ANOVA), followed by Dunnett\'s post hoc test, as appropriate. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### HPC induces CREB phosphorylation and attenuates propofol-induced neurotoxicity in neonatal rats

H&E staining revealed areas of brain cells affected by propofol, which exhibited less shrunken cell bodies and pyknotic nuclei ([Fig. 3](#f3-mmr-20-02-1837){ref-type="fig"}). Compared with the P group, electron microscopy demonstrated that neurons were rich in mitochondria and the width of mitochondrion was decreased in the HPC+P group (F=54.44, P\<0.05; [Fig. 4](#f4-mmr-20-02-1837){ref-type="fig"}). Treatment with H89, a PKA inhibitor, revealed expansion of the width of mitochondrion similar to the P group.

### HPC increases the level of cAMP and PKA, and p-CREB-positive cells

The level of cAMP was significantly upregulated in the HPC + P group compared with the P group ([Fig. 5](#f5-mmr-20-02-1837){ref-type="fig"}). Additionally, western blot analysis revealed a significant difference in PKA levels between the P group and the NS group. The expression of Bcl-2 was significantly decreased in the pups treated with propofol; whereas, the expression of Bax and cleaved caspase-3 was significantly increased ([Fig. 6A-D](#f6-mmr-20-02-1837){ref-type="fig"}). Western blot analysis demonstrated that the level of p-CREB was significantly increased in the HPC+P group compared with the P group (1.050±0.083 vs. 1.400±0.111, respectively, F=15.83; P\<0.05; [Fig. 6E and F](#f6-mmr-20-02-1837){ref-type="fig"}). The results of immunohistochemical staining indicated that HPC and treatment with Sp-cAMP (a cAMP-dependent protein kinase agonist) increased the levels of PKA (F= 17.26; P\<0.05; [Fig. 7](#f7-mmr-20-02-1837){ref-type="fig"}) and p-CREB (F= 14.81; P\<0.05; [Fig. 8](#f8-mmr-20-02-1837){ref-type="fig"}), whereas H89 abolished these effects.

### Propofol reduces the number of p-CREB-positive cells in the hippocampal CA1 region

The expression of p-CREB was negatively associated with the expression of cleaved-caspase-3, and there was no significant difference in the expression of CREB between the NS and NS-DIV groups ([Fig. 8](#f8-mmr-20-02-1837){ref-type="fig"}).

### HPC suppresses propofol-induced neurotoxicity via activation of cAMP-dependent proteins

Compared with the NS group, the activities of cleaved caspase-3 were upregulated with a 2-fold change in the P group, and the levels of Bax were examined to investigate neurotoxicity following treatment with 100 mg/kg propofol. In the HPC+P group, the Bcl-2 ([Fig. 6](#f6-mmr-20-02-1837){ref-type="fig"}) and p-CREB ([Fig. 8](#f8-mmr-20-02-1837){ref-type="fig"}) levels in brain tissue were significantly increased compared with the P group, which was consistent with the Sp-cAMP treatment. Furthermore, H89 decreased the activation of p-CREB following HPC compared with the HPC+P group ([Fig. 8](#f8-mmr-20-02-1837){ref-type="fig"}).

Discussion
==========

The present findings are an extension of previous studies ([@b18-mmr-20-02-1837],[@b19-mmr-20-02-1837]) to investigate the cAMP/PKA/CREB signalling pathway and propofol-induced apoptosis. The results of the present study revealed that p-CREB promotes cell survival and long-term synaptic change. Propofol-induced intrinsic apoptosis in neonatal rats was previously reported to be mediated by Bax ([@b20-mmr-20-02-1837]) and release of caspase-3, which are important hallmarks of apoptosis ([@b21-mmr-20-02-1837]). Bax disrupts mitochondrial membrane potential by affecting the permeability transition pores and facilitating the release of cytochrome *c* ([@b22-mmr-20-02-1837]).

PKA expression was reduced in the P group and this reduction was prevented by HPC, but not when H89 was applied. Furthermore, cAMP levels were markedly increased in the HPC+P group. These data confirmed that HPC attenuates propofol-induced neuroapoptosis by altering the content of cAMP in the hippocampus of rats via activation of cAMP/PKA/CREB signalling, a reduced Bax/Bcl-2 ratio and downregulation of caspase-driven apoptosis downstream. The relative expression of these proteins determines cell survival. Caspase-3 is one of the key executors of apoptosis and a widely studied member of the caspase family.

Mitochondrial outer membrane permeabilization is involved in the neuroprotective effects of HPC against propofol-induced neurotoxicity in rats. The study by Xu *et al* ([@b23-mmr-20-02-1837]) revealed that HPC promotes the survival and viability of trophoblast cells. Transmission electron microscopy demonstrated that the mitochondrial outer membrane and matrix were enhanced by HPC with less degenerating vacuoles and apoptotic bodies observed. The findings indicated that pretreament with HPC reduced mitochondrial apoptosis.

Neuronal cell apoptosis is associated with minor behavioural changes and cognitive dysfunction in adolescent rats ([@b24-mmr-20-02-1837]). When an apoptosis signal appears, cleaved caspase-3 causes degradation of the neuron cell membrane and prevents the repair of damaged DNA. HPC induces robust neuroprotection in models of neonatal hypoxia ([@b25-mmr-20-02-1837]). HPC was demonstrated to increase Bcl-2 expression and reverse the propofol-induced reduction in neuronal cAMP levels. Additionally, as a potent and selective PKA inhibitor for evaluation of PKA function in many organs, such as the brain, muscle and heart, pretreatment with H89 ([@b26-mmr-20-02-1837]), abolished the beneficial effects of HPC, whereas pretreatment with Sp-cAMP ([@b27-mmr-20-02-1837],[@b28-mmr-20-02-1837]), a PKA agonist, increased the protective effects of HPC on propofol-induced hippocampal apoptosis. Whether Sp-cAMP exhibits a neuronal protective effect on the hippocampus requires investigation in future experiments, since our results do not include H89 or Sp-cAMP alone. Notably, cellular life and death are mitigated by Bcl-2 ([@b29-mmr-20-02-1837]), which may be correlated with the cAMP/PKA/CREB pathway balancing the neuronal proliferation and apoptosis, as the phosphorylation of CREB promotes synaptic and neural plasticity, and Bcl-2 mediates mitochondria-induced cellular toxicity ([@b30-mmr-20-02-1837]).

The mechanism underlying the neuroprotective effect of HPC is associated with the cAMP content. The findings of the present study revealed that the apoptosis rate was significantly decreased in the HPC+P and P+Sp-cAMP groups compared with the P group. Thus, HPC ameliorates propofol-induced neuroapoptosis via an increase in cAMP levels and phosphorylation of CREB, which prevents caspase-3 from inducing the apoptosis of hippocampal neurons.
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![Role of the cAMP/CREB pathway in intrinsic apoptosis. cAMP, cyclic adenosine monophosphate; CREB, cAMP response element-binding protein.](MMR-20-02-1837-g00){#f1-mmr-20-02-1837}
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![Haematoxylin and eosin staining of brain lesions. Examination by light microscopy following a high dose injection of propofol. Histological analysis revealed normal cells in the three blank test groups (NS, NS-ICV, and D-ICV) and disordered cells in the P group, which exhibited different degrees of degeneration. Furthermore, cellular degeneration in the HPC+P and P+Sp-cAMP groups was mild. Magnification, ×200. Black arrow indicates the CA1 area of the Hippocampus. NS, normal saline; ICV, intracerebroventricular; D, dimethyl sulfoxide; P, propofol; HPC, hypoxic preconditioning; Sp-cAMP, cyclic adenosine monophosphate agonist.](MMR-20-02-1837-g02){#f3-mmr-20-02-1837}

![Examination of the hippocampal CA1 region by transmission electron microscopy (Magnification, ×15,000) following propofol-induced apoptosis. (A) Dendritic spine lesions, endoplasmic reticulum degranulated and mitochondrial swelling were observed. (B) Width of mitochondrion were measured by Image Pro Plus (version 6.0.0.260), F=54.44; \*P\<0.05 vs. the NS group; ^\#^P\<0.05 vs. the P group; ^&^P\<0.05 vs. the HPC+P group. NS, normal saline; P, propofol; HPC, hypoxic preconditioning; Sp-cAMP, cyclic adenosine monophosphate agonist; ICV, intracerebroventricular; D, dimethyl sulfoxide.](MMR-20-02-1837-g03){#f4-mmr-20-02-1837}

![ELISA analysis of cAMP content in the hippocampus of rats. F=50.58, \*P\<0.05 vs. the NS group; ^\#^P\<0.05 vs. the P group; ^&^P\<0.05 vs. the HPC+P group. cAMP, cyclic adenosine monophosphate; NS, normal saline; P, propofol; HPC, hypoxic preconditioning; Sp-cAMP, cyclic adenosine monophosphate agonist; ICV, intracerebroventricular; D, dimethyl sulfoxide.](MMR-20-02-1837-g04){#f5-mmr-20-02-1837}

![Activation of cAMP/PKA/CREB by HPC or cAMP agonists reduces neuroapotosis in the developing brains of Sprague-Dawley rats (n=10 per group). (A-D) Representative western blots using 12% SDS-PAGE and densitometry analysis of the ratio of of Bax to β-tubulin (F=12.81), Bcl-2 (F=9.990), cleaved caspase-3 (F=7.409), PKAc (F=8.366), to GAPDH. Compared with the NS group, the expression of cleaved caspase-3 was increased to a 2-fold change in the P group; neonatal exposure to HPC attenuated the effect of propofol-induced apoptosis with downregulation of cleaved caspase-3. (E and F) Representative western blots using 12% SDS-PAGE and densitometry analysis of the ratio of p-CREB to CREB (F=15.83). The results are expressed as the mean ± standard deviation. \*P\<0.05 vs. the NS group; ^\#^P\<0.05 vs. the P group; ^&^P\<0.05 vs. the HPC+P group. NS, normal saline; P, propofol; HPC, hypoxic preconditioning; Sp-cAMP, cyclic adenosine monophosphate agonist; ICV, intracerebroventricular; D, dimethyl sulfoxide; cAMP, cyclic adenosine monophosphate; PKAc, protein kinase A catalytic subunit; CREB, cAMP response element-binding protein; Bcl-2, B-cell lymphoma-2; Bax, Bcl-2-associated X protein.](MMR-20-02-1837-g05){#f6-mmr-20-02-1837}

![Effect of propofol on PKA expression following HPC. (A) Immunohistochemical staining of PKA in the seven groups (Magnification, ×100). (B) Quantification of PKA staining expressed as the mean ± standard deviation; F=17.26, \*P\<0.05 vs. the NS group; ^\#^P\<0.05 vs. the P group; ^&^P\<0.05 vs. the HPC+P group. Black arrow indicateS PKA-positive cells. PKA, protein kinase A; NS, normal saline; P, propofol; HPC, hypoxic preconditioning; Sp-cAMP, cyclic adenosine monophosphate agonist; ICV, intracerebroventricular; D, dimethyl sulfoxide.](MMR-20-02-1837-g06){#f7-mmr-20-02-1837}

![Effect of propofol on CREB following HPC. (A) Immunohistochemical staining of p-CREB in the seven groups (Magnification, ×100). (B) Quantification of p-CREB staining expressed as the mean ± standard deviation; F=14.81, \*P\<0.05 vs. the NS group; ^\#^P\<0.05 vs. the P group; ^&^P\<0.05 vs. the HPC+P group. Black arrow indicateS p-CREB positive cells. p, phospho; CREB, cAMP response element-binding protein; NS, normal saline; P, propofol; HPC, hypoxic preconditioning; Sp-cAMP, cyclic adenosine monophosphate agonist; ICV, intracerebroventricular; D, dimethyl sulfoxide.](MMR-20-02-1837-g07){#f8-mmr-20-02-1837}
